Objectives: The aim of this project was to assess the clinical signi®cance of our low iodine excretions in terms of thyroid hormone status and thyroid volume in an adult population in a low soil iodine area of the South Island of New Zealand. Design and setting: Two-hundred and thirty-three residents of Otago, New Zealand collected two 24 h urine samples for assessment of iodine status. Thyroid status was determined from serum total T 4 , TSH and thyroglobulin, and thyroid volumes. Relationships between urinary iodide excretion and measures of thyroid status were determined and subjects were allocated to one of three groups according to low, medium and high iodide excretion, for comparison of thyroid hormones and thyroid volumes. Results: Signi®cant correlations were found for relationships between measures of urinary iodide excretion and thyroid volume and thyroglobulin. Multiple regression analysis of data for subjects divided into three groups according to 24 h urinary iodide excretion (`60, 60 ± 90; b90 mg iodideaday) or iodideacreatinine ratio (`40; 40 ± 60; b60 mgag Cr) showed signi®cant differences in thyroid volume (P 0.029; P 0.035, respectively) and thyroglobulin (P 0.019; P 0.005, respectively) among the groups. Conclusions: The results of this study con®rm the low iodide excretions of Otago residents, and indicate that the fall in iodine status is being re¯ected in clinical measures of thyroid status, including enlarged thyroid glands and elevated thyroglobulin. Our observations suggest the possible re-emergence of mild iodine de®ciency and goitres in New Zealand. This situation is likely to worsen should iodine intakes continue to fall and continued monitoring of the situation is imperative.
Introduction
Recent surveys of iodide excretion in parts of New Zealand indicate that the iodine status of residents of this country is decreasing and may no longer be considered adequate (Thomson et al, 1996 (Thomson et al, , 1997 . Prior to these studies, after the introduction of iodised salt in the early 1940s, surveys of urinary iodide excretion indicated more than adequate iodine intakes North & Fraser, 1965; Simpson et al, 1984) . The use of iodophors as cleaning agents in the dairy industry from the 1960s (Sutcliffe, 1990 ) also contributed to the more than adequate iodine intake. However, before the introduction of iodised salt, the iodine de®ciency disorder (IDD) goitre was endemic in many parts of New Zealand (Hercus et al, 1925; Purves, 1974) . The reason for the decline in iodine status in more recent years is probably a combination of factors, including dietary recommendations to reduce salt intake and a reduction in the use of iodophors, resulting in a reduction of iodine in milk (Sutcliffe, 1990; Thomson et al, 1997) . The 1997a1998 New Zealand Total Diet Survey reported that iodine intake from foods was decreasing; however, iodine from salt used in cooking and at the table was not included in this analysis (Vannoort et al, 2000) . Only salt for household use is iodised in New Zealand. New Zealanders may once again be approaching levels of intake associated with clinical iodine de®ciency (Thomson et al, 1997) , and the aim of this project was to assess the clinical signi®-cance of our low iodine excretions in terms of thyroid hormone status and thyroid volume. We have assessed the relationships between measures of urinary iodide excretion and thyroid volume and thyroid hormones in subjects with a range of iodine statuses. Subjects were divided into three groups according to their urinary iodide excretion and a comparison of thyroid volume and thyroid hormones made.
Methods

Subjects and experimental protocol
Three-hundred and ®fty Otago residents aged 18 ± 49 y were recruited in 1997 and 1998. Initially recruitment was by random selection from the electoral roll and later by non-random selection from blood donors at the Dunedin Blood Bank. Complete 24 h urine collections were made by all subjects on two occasions to screen for urinary iodide. An average of the two results was used to assess urinary iodine status. Two-hundred and thirty-three of these subjects (males 114; females 119) were recruited for assessment of thyroid hormone status and for thyroid volume. Blood was taken for assays of serum total thyroxine (T 4 ), thyroid stimulating hormone (TSH) and thyroglobulin, and thyroid volumes were measured by ultrasonography. Subjects completed a questionnaire on their use of vitamin and mineral supplements and iodine-containing medications. The Southern Regional Health Authority Ethics Committee Otago approved the study.
Sample preparation and analysis
Urine was collected in clean bottles which had been rinsed with acid and ion exchange water before use. Subjects were provided with clean bowls and funnels, which were kept in brown paper bags along with the urine bottles throughout the 24 h collection period. A sample of each urine was stored without preservative at À20 C until analysis. Serum was stored at À80 C. Iodide was measured in duplicate urine samples using the Sandell ± Kolthoff reaction (Sandell & Kolthoff, 1937) after digestion with ammonium persulphate, according to the method of Pino et al (1995) , adapted for use on a Cobas Fara autoanalyser (HoffmanLa Roche, Basle). Pooled standard urine analysed 20 times over the period of the study gave a mean concentration of 83 AE 5.3 mgal (CV, 6%). The detection limit was less than 5 mgal and recoveries of 99 ± 103% of added iodide were obtained. Urinary creatinine was measured on the Cobas Fara using a creatinine Uni-Kit II, creatinine calibrator and control sera (Roche Diagnostic Systems Inc). Thyroid hormones were measured by radioimmunoassay (total T 4 , Coat-A-Count; TSH, IRMA-Count; Thyroglobulin, double antibody; Diagnostic Products Corporation, Los Angeles, CA). Reference ranges given by the manufacturers were: total T 4 , 4.5 ± 12.5 mgadl; TSH, 0.4 ± 4.5 mIUaml; thyroglobulin, 0 ± 52 ngaml. Thyroid volume was measured by ultrasonography in the Radiology Department, Dunedin Public Hospital with an ATL-HDI ultrasound machine using an 11 mHz ultrasound probe. The length and three cross-sectional areas were measured (upper third, mid-zone and lower third) for the right and left lobe and the volume separately calculated for each lobe. The volume of the isthmus was calculated from the transverse area of the midline and the length between the lobes. Volumes were added for total thyroid volume.
Statistical analysis
Data processing and statistical analysis were carried out using Microsoft Excel 98 (Microsoft Corporation) and SPSS for Macintosh (SSPS Inc.). Data for urinary iodide measures, thyroid volume, thyroglobulin and TSH were not normally distributed and data analysis was carried out after logarithmic transformation. Correlation analysis by least squares regression was used to assess the strength of the relationships between measures of urinary iodide excretion and thyroid volume and thyroid hormones. Because of signi®cant effects of gender and weight on thyroid volume and gender on thyroglobulin levels, these factors were controlled in relationships involving thyroid volume and thyroglobulin.
Subjects were allocated to one of three groups of (i) 24 h iodide excretion: low (`60 mgaday); medium (60 ± 90 mgaday), and high (b90 mg iodideaday); (ii) iodidea creatinine ratios (`40; 40 ± 60; b60 mgag creatinine); and (iii) urinary iodide concentrations (`40; 40 ± 60; b60 mgal). These divisions gave approximately equal numbers in each group. The divisions for 24 h iodide excretion were close to the criteria adapted from Clugston and Hetzel (1994) for adequate, low and marginal status, respectively. The criteria are based on epidemiological work indicating that endemic goitre is likely to appear in populations with median 24 h iodide excretions less that 50 mgaday. The divisions for the iodideacreatinine ratio were close to National Research Council criteria for adequate, low and marginal iodine status (National Research Council, 1989) , and those for iodide concentration were close to the WHOaUNICEFaICCIDD criteria (World Health Organization, 1993a) for ranges of iodide concentration associated with risk from IDD. Comparisons for thyroid volume and thyroid hormones among the groups classi®ed as having low, medium and high iodide excretion according to the three criteria, were made using multiple regression analysis.
Results
Mean AE standard deviation and median values for measures of urinary iodide excretion, thyroid volume and thyroid hormones for males and females and for all subjects are summarised in Table 1 . The medians for measures of urinary iodide excretion were somewhat lower than mean values due to very high excretions (200 ± 345 mgaday, n 9; 150 ± 200 mgaday, n 12; 100 ± 150 mgaday, n 39) of a small proportion of the subjects. All of the subjects with urinary excretions greater than 150 mgaday and the majority of those with excretions between 100 and 150 mgaday (n 39) reported consuming kelp, iodinecontaining supplements or iodine-containing medications Urinary iodine and thyroid status CD Thomson et al regularly or close to urine collection times. Only two subjects had TSH values outside the normal range and four subjects had T 4 values below the normal range given by the manufacturer of the radioimmunassay kits. Eight men and 13 women had thyroid volumes greater than the upper limit of normal (male 25 ml; female 18 ml) reported for healthy European subjects with suf®cient iodine intake (urinary iodide excretion b150 mgag creatinine or 100 mgal in urine; Gutekunst & Martin-Teichert, 1993) . Table 2 summarises correlation coef®cients for relationships between urinary iodide excretion and thyroid volume and thyroid hormones. Signi®cant inverse correlations were found for relationships between two measures of urinary iodide excretion (total 24 h excretion and iodideacreatinine ratio) and thyroid volume and thyroglobulin, but not with T 4 or TSH. Inverse correlations for urinary iodide concentration were signi®cant for thyroglobulin but not for thyroid volume. There was a positive correlation between thyroid volume and thyroglobulin (r 0.283, P`0.001) and a negative correlation between thyroid volume and TSH (r À0.186, P 0.016).
Data for subjects categorised according to 24 h urinary iodide excretion (`60; 60 ± 90; b90 mgaday) and iodidea creatinine ratio (`40; 40 ± 60; b60 mgag creatinine) are summarised in Tables 3 and 4 , respectively. Multiple regression analysis after controlling for gender and weight showed a signi®cant difference in thyroid volume among the three groups categorised according to 24 h 
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iodide excretion (P 0.029) and for the iodideacreatinine ratio (P 0.035, Table 5 ), with the low iodine group having a higher mean volume than the medium and high groups and both groups combined (P`0.05). No differences were observed when subjects were categorised according to urinary iodide concentration.
Similarly, multiple regression analysis of thyroglobulin controlling for gender and weight showed a signi®cant difference among the three groups categorised according to 24 h excretion (P 0.019) and iodideacreatinine ratio (P 0.005). The low iodine group had higher thyroglobulin than the high iodine group and both the medium and high groups combined (P`0.05). No differences in plasma TSH or T 4 were observed for any of the three classi®cations.
Discussion
The results of this study con®rm the low iodide excretions of residents of Otago, New Zealand (Thomson et al, 1996 (Thomson et al, , 1997 , in comparison to earlier surveys in New Zealand North & Fraser, 1965; Simpson et al, 1984) , and indicate that the fall in iodine status is being re¯ected in clinical measures of thyroid status including enlarged thyroid volume and elevated thyroglobulin. An inverse relationship between thyroid volume and urinary iodine excretion has also been reported in European schoolchildren (Delange et al, 1997) , but not in German adults where the range of marginal iodine status was narrow (Gutekunst et al, 1986) , or in Dutch adults where iodine status was adequate (Berghout et al, 1987) . Our study appears to be the ®rst to report an inverse relationship between urinary iodide excretion and serum thyroglobulin. However, observations by Hintze et al (1991) of a negative correlation between TSH and thyroid volume and a positive correlation between thyroglobulin and thyroid volume in elderly Germans (also observed in our subjects) are consistent with our observations of a negative relationship between iodine status and thyroid volume and thyroglobulin.
Our observations of differences among the three groups are similar to, although not as pronounced as, those of Gutekunst and colleagues, who reported higher thyroid volumes in residents of Germany, where iodine intake is marginal, than those of Sweden where iodine status is adequate (Gutekunst et al, 1986) . Similarly, serum thyroglobulin of the Germans was more than twice that of the Swedes. These workers were able to compare two populations with high and low iodine status, whereas, apart from the small proportion of subjects with very high iodide excretions, the range in iodine status of our subjects was small. Our results may also have been confounded by the number of subjects who had consumed iodine-containing medicines (eg cough medicines) close to urine collection times. This would elevate urinary iodide excretion, which might not re¯ect the true iodine status. On the other hand, high urinary iodide excretions of a number of subjects who reported consuming kelp or supplements containing iodine should re¯ect true iodine status, if supplements were taken regularly.
Increased serum thyroglobulin, but not TSH or T 4 , in subjects with low iodide excretion con®rms other research showing elevated thyroglobulin associated with mild iodine de®ciency and enlarged thyroid glands (Gutekunst et al, 1986; Miûler et al, 1994; Pedersen et al, 1993) . Free T 4 , free T 3 and TSH levels are measures normally used to assess thyroid hormone status. However, although the TSH immunoassay is described as the most appropriate diagnostic test for the determination of hypothyroidism, it has also been suggested that, after the age of 30, TSH levels are not reliable indicators of current iodine intake and that no relationship between iodine excretion and thyroid hormone status exists after this age (World Health Organization, 1993b) . In mild iodine de®ciency when urinary iodide excretion is low, circulating levels of T 3 , T 4 and TSH are still normal (Bourdoux, 1993) , and values do not change in response to dietary iodine within normal limits (Bastomsky Urinary iodine and thyroid status CD Thomson et al et al, 1978; Paul et al, 1988) . On the other hand, circulating thyroglobulin, which also re¯ects an increased stimulation arising from a borderline iodine intake, may be a more sensitive indicator of thyroid stimulation (World Health Organization, 1993a) . When compared with Swedish children with adequate iodine intake, German children with marginal iodine status and increased thyroid volume showed signi®cantly higher thyroglobulin levels, whereas TSH levels were in fact lower (Gutekunst et al, 1986) . The same group reported that thyroglobulin was a more sensitive indicator of iodine de®ciency than TSH in children from areas of more severe iodine de®ciency (Miûler et al, 1994) . Results of our study and these others support the view that TSH levels do not become elevated until the thyroid gland is no longer able to secrete suf®cient active thyroid hormones at a relatively late stage of iodine de®ciency. On the other hand, thyroglobulin changes rapidly after alteration of iodine intake and thus may be a more sensitive indicator of marginal iodine status (Bourdoux, 1993; Miûler et al, 1994; World Health Organization, 1993a) . Mean and median thyroid volume of our subjects were higher than those of Swedes with adequate iodine status, but lower than those of Germans (Gutekunst et al, 1986) , even though the iodideacreatinine ratio of our subjects was lower than that of the Germans. This may re¯ect a lag in the response to reduced iodine intake on thyroid volume (World Health Organization, 1993a), but may also re¯ect differences in methodology (World Health Organization, 1993a). As also observed by Hegedus et al (1983) , there was a strong relationship between thyroid volume and weight which no doubt was a major factor in the relationship with gender.
The low urinary iodine status of Otago residents was con®rmed. Values were a little higher than in our two previous studies with adults (Thomson et al, 1996 (Thomson et al, , 1997 , but still within the mild iodine de®ciency range . Possible reasons for this difference might be the higher reported consumption of iodine-containing supplements and iodine-containing medicines in our subjects. When subjects with excretion b140 mgaday (which excludes the high values associated with consumption of supplements and iodine-containing medicines), mean and median values were 75 AE 25 and 76 mgaday for males and 71 AE 28 and 67 mgaday for females, respectively. In addition, our sample was not a random sample of the population, as subjects were chosen to ®t into the three groups of low, medium and high iodine status, and differs from that of the earlier studies where subjects were recruited from blood donors, who might possibly have lower iodine intake due to different dietary habits such as restriction of salt (Thomson et al, 1997) .
The fall in iodine status over the last decade can be attributed mainly to the reduction of use of iodophor cleansing detergents in the dairy industry, but possibly also to a reduced salt usage in cooking due to the introduction of microwave cooking, a positive response to health guidelines. Furthermore, people born during the last two decades may have little understanding of the consequences of iodine de®ciency and the need for dietary iodine. The majority of New Zealanders use iodised salt (87% in the present study), although non-iodised salt is available at a slightly lower price. However, a signi®cant proportion of New Zealanders never add salt at the meal and never use salt in cooking (Thomson et al, 1997) .
Although the effect of our reduced iodine status in terms of thyroid status is small at present, this situation is likely to worsen should iodine intakes continue to fall. This may occur if iodophors continue to be replaced as sanitizers in the dairy industry, and if there are further changes in dietary and cooking habits. We have also reported mild iodine de®ciency in a sample of New Zealand schoolchildren aged 8 ± 10 y (Skeaff et al, 1999) . Of particular concern is the possible effect of mild iodine de®ciency on brain development and cognitive function. The effects of severe iodine de®ciency on brain development are well documented (Hetzel et al, 1990) , but the consequences of less severe de®ciency are unknown (Maberly, 1994) . However, there is evidence that suboptimal iodine intakes may contribute to impaired intellectual performance and hearing loss in some children (Bleichrodt et al, 1996; Boyages et al, 1989; Fanzi et al, 1990; Valeix et al, 1994) , and that these disorders may not be reversible with iodine therapy (Bleichrodt et al, 1996) . Our observations suggest the possible re-emergence of mild iodine de®ciency and goitres in New Zealand, and continued monitoring of the situation is imperative.
